Fragile X syndrome (FXS) is a neurodevelopmental disorder that involves an expansion to more than 200 repeats of the CGG sequence of nucleotides comprising the 5Ј untranslated region of the fragile X mental retardation gene (FMR1) located on the X chromosome (Brown, 2002) . The full mutation of the FMR1 gene (Ͼ200 CGG repeats) is the most prevalent inherited cause of intellectual disability (Hagerman et al., 2009) . Mothers of children with FXS may themselves have the full mutation of FXS, or more frequently, the premutation of the FMR1 gene (55 to 200 CGG repeats). The premutation is estimated to affect 1 in 149 females and 1 in 643 males (Song, Barton, Sleightholme, Yao, & Fry-Smith, 2003) . Premutation carriers were originally considered to be unaffected. However, consensus has been growing that at least some premutation carriers display signs of impairment (Hagerman & Hagerman, 2004) , including fragile X tremor ataxia syndrome (FXTAS) and fragile X premature ovarian insufficiency (FXPOI), as well as other physical and mental health symptoms (Bailey, Sideris, Roberts, & Hatton, 2008; Coffey et al., 2008; Johnston et al., 2001 ). This study focuses on premutation carrier mothers of adolescents and adults with FXS. We use a Gene ϫ Environment interaction approach to examine the interaction between maternal genotype and the experience of negative life events to predict depression, anxiety, and daily salivary cortisol activity, a hormonal measure of stress.
Depression, Anxiety, and Physiological Stress Response in Mothers of Children With FXS
Studies have reported that mothers of individuals with FXS display higher rates of mental health symptoms than mothers of controls. In one study (Roberts et al., 2009) , higher rates of lifetime major depressive disorder, lifetime panic disorder, and current agoraphobia were evident among premutation carrier Seltzer and Barker contributed equally to the study reported in this article. The larger study was supported by a grant from the Eunice Kennedy Shriver National Institute of Child Health and Human Development to the IDDRC at the University of North Carolina (P30 HD003100-S1) to support a Fragile X Research Center at three additional sites (Research Trianglemothers. Other studies have suggested that a high proportion of biological mothers of individuals with FXS have psychological distress severe enough to warrant a psychiatric diagnosis or professional intervention (e.g., Bailey, Sideris, et al., 2008) . The elevated psychological distress experienced by these mothers may be due, in part, to the exceptional caregiving demands to which they are exposed on a daily basis (Abbeduto et al., 2004) .
In addition to compromising psychological well-being, the experience of life stress also can take a toll on an individual's physiological functioning, and this impact is often indexed by dysregulation in the hypothalamic-pituitary-adrenal (HPA) axis (McEwen, 1998) . HPA functioning plays a vital role in health and aging (Piazza, Almeida, Dimitrevia, & Kline, 2010) . Cortisol, the primary marker of HPA functioning, normally peaks shortly after waking in the morning and then gradually declines throughout the rest of the day. Diurnal cortisol (i.e., the pattern of cortisol secretion across the day) provides a window into an individual's biorhythms or chronobiology (Keenan, Licinio, & Veldhuis, 2001) . The rise of cortisol in the morning, referred to as the cortisol awakening response (CAR), prepares individuals for engagement with the external environment (Fries, Dettenborn, & Kirschbaum, 2009 ). Failure to activate the HPA axis in the morning may result in difficulty in responding to the ordinary challenges that are faced every day (Almeida, Piazza, & Stawski, 2009; Sapolsky, Krey, & McEwen, 1986) .
When exposed to a stressful event, the HPA axis is activated and cortisol is released from the adrenal cortex, which in turn helps the body to adapt by regulating protein synthesis and glucose, immune functioning, and mental activity. A temporary increase in cortisol secretion in the face of stressful situation is a normal response (Dickerson & Kemeny, 2004) . However, individuals chronically exposed to stressors often evince lower overall cortisol activity across the day and may exhibit a blunted cortisol response or even transient decrease in cortisol secretion following a stressor (Gunnar & Vazquez, 2001; Miller, Chen, & Zhou, 2007) . For instance, lower diurnal patterns of cortisol have been reported for parents of children with cancer (Miller, Cohen, & Ritchey, 2002) , in maltreated children on high-conflict days at nursery school (Hart, Gunnar, & Cicchetti, 1995) , in women with fibromyalgia (Wingenfeld et al., 2008) , and in adults who experience work overload (Dahlgren, Akerstedt, & Kecklund, 2004) . These patterns of hypocortisolism are theorized to result from a history of prolonged exposure to stress and elevated cortisol levels, which subsequently led to down-regulation of the HPA system and decreased cortisol secretion (Fries, Hesse, Hellhammer, & Hellhammer, 2005) .
In three recent studies, parents of individuals with disabilities were found to have such a pattern of hypocortisolism. Seltzer et al. (2009) reported that parents of individuals with disabilities evidenced a significantly flatter decline in cortisol levels across the day than controls, particularly following days when parents spent more time with their child. In a separate study that uses the same paradigm, mothers of individuals with autism spectrum disorders had reduced cortisol levels throughout the day as compared to controls (Seltzer et al., 2010) , particularly if the child had a history of clinically significant behavior problems. A third study extended this paradigm to premutation carrier mothers of individuals with FXS . Mothers who had a greater number of cells with the premutation had more blunted cortisol following days when their child had more behavior problems. The findings of these studies all revealed a blunted cortisol response to childrelated stress. Not examined, however, was how these mothers respond to more general life stressors, which is the focus of this study.
Environment: Negative Life Events
In our Gene ϫ Environment interaction paradigm, the measure of the environment is the frequency of negative life events experienced by carrier mothers during the previous year. Much past research has found that stressful life events compromise psychological well-being in the general population (e.g., Hammen, 2005; Horwitz, Briggs-Gowan, Storfer-Isser, & Carter, 2007) and in parents of children with developmental disabilities (Barker et al., 2010; Warfield, Krauss, Hauser-Cram, Upshur, & Shonkoff, 1999) . These findings confirm the salience of negative life events in predicting the psychological well-being of parents of children with disabilities. However, no previous published study focused on FXS, which offers unique opportunities for investigating differential sensitivity to life events, as maternal genotype can be quantified by measuring CGG repeat length.
Genetic Vulnerability: CGG Repeat Length
Not all studies of premutation carriers reported a pattern of increased impairments (e.g., Hunter, Rohr, & Sherman, 2010) , and not all mothers of individuals with FXS are equally at-risk for negative outcomes. This differential pattern of risk has been linked to the number of CGG repeats (i.e., repeat length). For example, Johnston et al. (2001) found a positive correlation between selfreported symptoms of depression and CGG repeat length in premutation carriers who had children with FXS. However, several studies have reported that the association between CGG repeat length and health and mental health outcomes is nonlinear, with those who have midsize repeats at greater risk. For example, Roberts et al. (2009) reported evidence suggestive of a nonlinear association between CGG repeat length and major depressive disorder, with women who had midsize repeats at higher risk. Similarly, Ennis, Ward, and Murray (2006) found a nonlinear association between repeat length and age at menopause, with women who had midsize repeats at greatest risk of early menopause. Sherman and colleagues also reported a curvilinear association of repeat length and reproductive aging in premutation carrier women (Allen et al., 2007; Sullivan et al., 2005) . This curvilinear pattern may clarify why some studies that used linear analytic methods concluded that there was not an association between maternal CGG repeat length and measures of maternal well-being (e.g., Bailey, Raspa, Olmstead, & Holiday, 2008; Hessl et al., 2005) .
This Study and Hypothesis
This study brings together heretofore disparate literatures on life events, genetic vulnerability, psychological distress, and HPA axis functioning in a Gene ϫ Environment interaction model. Building on past research, we predicted that mothers with midsize CGG repeats of the FMR1 gene who reported a greater number of negative life events the previous year would be more likely than mothers with either a lower or higher number of repeats to expe-rience depression and anxiety and to have a blunted cortisol awakening response.
Method Participants
The sample includes 82 mothers whose children had the full mutation of FXS who themselves had the premutation of the FMR1 gene (55 to 200 CGG repeat lengths). The median household income was between $80,000 and $89,000 in 2008, but a range in household income was represented (Ͻ $9,999 to Ͼ $160,000). The majority of mothers were White (96%), currently married (84%), had completed at least an associate's degree (73%), and were currently employed (76%). Their mean age was 51.42 years (SD ϭ 7.66, range ϭ 36.75 to 79.00 years of age), and they had a mean of 2.46 children (SD ϭ 1.02, range ϭ 1 to 6 children) including 1.41 children with FXS (SD ϭ 0.62, range ϭ 1 to 3 children with FXS). The children with FXS were 20.96 years of age on average (SD ϭ 7.72, range ϭ 12 to 49 years of age); most were male (84%), had intellectual disability (82%), and lived in the family home (84%).
Participants were recruited as part of an ongoing longitudinal study of family adaptation to FXS. Mothers responded to recruitment invitations that were distributed to members of a research registry of families of children with developmental disabilities, sent to support groups for families of children with FXS, and posted on family websites. Accrual statistics (i.e., how many potential participants received recruitment materials and declined) are not available, due to the IRB-approved protocol for this research and our recruitment methods.
Data were collected in the first of the three planned waves of data collection. Study participation required that mothers be the biological parent of a son or daughter with the FMR1 full mutation, that the child be 12 years of age or older, and that he or she live in the parental home or have a least weekly contact with the mother either in person or by phone. Thus, all mothers were exposed on a regular basis to exceptional parenting responsibilities.
Procedure
Mothers provided data through self-administered mail-back questionnaires and telephone interviews that typically lasted one hour. They also participated in a separate protocol that included 4 consecutive days of saliva collection, which was based on the methodology developed for the National Study of Daily Experiences (NSDE; Almeida, McGonagle, & King, 2009 ). The saliva collection followed the telephone interview by several weeks. Saliva was obtained using Sarstedt salivette collection devices. Numbered and color-coded salivettes, a detailed instruction sheet, and a prepaid courier envelope were included in a collection kit that was mailed to the participant. Collection procedures were also reviewed over the telephone. Mothers collected four saliva samples on each of the 4 days (upon wakening, 30 min after getting out of bed, before lunch, and at bed time) to be assayed for cortisol. Those who had a temperature of Ͼ102°F were instructed to forgo collecting a sample. The exact time participants collected each saliva sample was obtained from telephone interviews on collection days and on a paper-and-pencil log. Saliva was assayed for cortisol by the Kirschbaum laboratory in Dresden, Germany. Six mothers did not fully complete the salivary cortisol collection protocol and, thus, they were not included in the analyses of cortisol.
Mothers also provided a blood sample to determine their CGG repeat size. Mothers took a preassembled kit to a convenient location (e.g., local hospital, their doctor's office) to have their blood drawn. The kit included instructions for the medical professional drawing the blood and a prepaid courier container for shipping the sample to Kimball Genetics, the laboratory that assayed all samples for CGG repeat length.
The Institutional Review Boards at the University of Wisconsin and the Pennsylvania State University approved the data collection protocol, and written consent was obtained from all participants.
Measures
Depressive symptoms. The 20-item Center for Epidemiologic Studies Depression Scale (CES-D; Radloff, 1977) was used to measure maternal depressive symptoms. Mothers indicated on how many days in the past week 20 symptoms of depression were experienced on a scale ranging from 0 (never) to 3 (5 to 7 days). Total scores can range from 0 to 60. Higher scores reflect having experienced more depressive symptoms in the previous week, and a score of 16 or above indicates the risk of clinical depression. Coefficient alpha for this sample was .92.
Anxiety. The anxiety subscale of the Profile of Mood States (POMS; McNair, Lorr, & Droppleman, 1981) was used to index maternal anxiety. This subscale measures the frequency of nine anxiety symptoms experienced over the previous week, including feeling tense, shaky, or on edge, on a scale ranging from 0 (not at all) to 4 (extremely). Total scores range from 0 to 36; higher scores indicate having experienced more anxiety in the previous week. Coefficient alpha for this sample was .92.
Negative life events. Although all mothers in this sample experienced exceptional parenting responsibilities for their son or daughter with FXS, they varied with respect to their exposure to negative life events. Eleven items from the Life Stress Scale of the Parenting Stress Index (Abidin, 1986) were used to gauge the number of negative life events experienced by mothers or by someone in their immediate family (spouse or any of their children) during the previous 12 months. This measure has been frequently used in studies of families of children with developmental disabilities (Warfield et al., 1999) and includes a wide range of negative life events including marital dissolution, financial problems, legal problems, problems at work, death of a friend or family member, alcohol or drug problems, health problems, and caring for an aging parent (added for our study). Items were scored dichotomously, 0 (event not experienced) and 1 (self or immediate family member experienced this event), and summed. Higher total scores reflect having experienced a greater number of negative life events within the immediate family in the previous year. Life events checklists are commonly used as inventories of events that contribute to stress and compromise well-being, and have been shown to be valid and reliable for this purpose (e.g., Miller, 1996; Shaw, Dimsdale, & Patterson, 2008) .
Cortisol awakening response (CAR). Cortisol concentrations were quantified with a commercially available luminescence 3 DIFFERENTIAL SENSITIVITY AND THE FMR1 PREMUTATION immunoassay (IBL; Hamburg, Germany), with intraassay coefficient variations below 5% (Polk, Cohen, Doyle, Skoner, & Kirshbaum, 2005) . For analysis, the salivettes were thawed and centrifuged at 3,000 rpm for 5 min, yielding a clear fluid with low viscosity. The CAR is an indicator of the difference between an individual's cortisol level on waking and 30 min after waking; it is the "biological signature" of chronic stress (Cleare, 2003; Fries et al., 2005) . To calculate the CAR, cortisol values at waking were subtracted from cortisol values at 30 min after waking. Average CAR values across the 4 saliva collection days were used in the current analyses. To minimize the influence of extreme outliers, salivary cortisol values higher than 60 nmol/L were recoded as 61, following the statistical approach recommended by Winsor (Dixson & Yuen, 1974; Wainer, 1976) . There were four mothers who had at least one cortisol value higher than 60. A total of 13 sample collections from these four mothers were above 60, which was 1% of the total of 1,270 collections.
Statistical Analysis
Three separate regression models tested the Gene X Environment interaction of CGG repeat length with total number of negative life events in the family for depressive symptoms, anxiety, and CAR. Following the example provided by Cohen, Cohen, West, and Aiken (2003) for testing curvilinear by linear interactions, each regression equation included the following terms: (a) linear effect of CGG repeat length; (b) curvilinear effect of CGG repeat length (CGG repeat length squared); (c) linear effect of total number of negative life events in the family; (d) the interaction between the linear terms of CGG repeat length and total number of negative life events in the family; and (e) the interaction between the curvilinear effect of CGG repeat length and the linear effect of total number of negative life events in the family. The curvilinear effect tests whether, after accounting for any linear main effect, the linear association "bends" such that mothers with midsize CGG repeats differ in the level of the dependent variables relative to those with shorter or longer repeat lengths. The curvilinear by linear interaction term tests our major hypothesis that mothers with midsize CGG repeats who were exposed to a greater number of negative life events have higher overall levels of depression and anxiety, and a more blunted CAR, relative to those with shorter or longer repeat lengths.
In each regression model, continuous predictors were centered around the grand mean, and interaction terms were computed using centered predictors. The covariates, maternal age and maternal education, also were included in all models. Maternal age was controlled because of its known association with cortisol level (Piazza, Almeida, Dmitrieva, & Klein, 2010) and emotional wellbeing (Charles & Piazza, 2009) , and because of the wide age range in the present sample of mothers (37 to 79 years of age). Maternal education was controlled as an indicator of family socioeconomic status, which has been shown to be associated with differential exposure to negative life events (McLeod & Kessler, 1990) . Additionally, average waking time and use of steroid medications during the saliva collection period were included in the CAR model because both have been shown to be related to cortisol levels (Almeida, Piazza, & Stawski, 2009; Keenan et al., 2001) . (In preliminary models, we explored the effects of controlling the target child's gender, co-occurring autism diagnosis, and behavior problems, as well as the number of children in the family and the number of children with FXS; these factors did not change the patterns of findings and therefore were not included in the final models.)
Although the approach used in this study was cross-sectional, each of the measures focused on a distinct point in time, which was the basis of our hypothesis. The number of life events was measured with reference to the 12 months prior to the interview. The measures of depression and anxiety focused on symptoms experienced in the 7 days prior to the interview. The CAR was measured several weeks after the interview and reflected the average cortisol level over 4 days measured at two specific times (awakening and 30 min later). However, although there is temporal specificity of the measures, this is not a longitudinal study, and our analyses are correlational.
Results

Descriptive Findings
The mean for depressive symptoms was 12.06 (SD ϭ 10.05, range ϭ 0 to 49). Fully 25.6% of the mothers had a CES-D score of 16 or above, which is indicative of the risk of clinical depression. The mean for anxiety was 10.45 (SD ϭ 7.53, range ϭ 1 to 36). Although the POMS anxiety scale does not have a formal clinical cutoff, a standardization study by Nyenhuis, Yamamoto, Luchetta, Terrien, and Parmentier (1999) indicated that scores above 15.75 represented clinical significance for individuals over 55 years of age, with a slightly higher threshold of 17.20 for younger adults. Using these criteria, fully 17.07% had an anxiety score above the cutoff, again indicating elevated anxiety. In total, 13.41% of the mothers in this sample were above these cutoffs for both depression and anxiety. Depressive symptoms and anxiety were significantly correlated (r ϭ .77, p Ͻ .01).
The mean CAR was 5.34 (SD ϭ 6.36, range ϭ Ϫ4.76 to 29.64). By way of comparison, a CAR of 6.43 was reported by Almeida, Piazza, & Stawski (2009) in a nationally representative sample, using the same paradigm and testing laboratory. The CAR was not correlated with either depressive symptoms or anxiety. The average CGG repeat length was 95.59 (SD ϭ 18.35, range ϭ 67 to 153). Although we treat this variable continuously in our analyses, for descriptive purposes 44% of the mothers had 67 to 89 repeats, 33% had 90 to 105, and 23% had 106 and 153 repeats. The linear correlations between CGG repeat length and each of the study outcome variables were not significant.
The average number of negative life events experienced during the previous 12 months was 2.13 (SD ϭ 2.33, range ϭ 0 to 10). Most of the mothers (68.3%) reported having experienced at least one negative life event, but one third (31.7%) did not experience any negative life events in the previous year. The type of event most frequently experienced was caring for an aging parent (28 individuals). The rates for other types of life events were 26 negative changes in financial situation, 26 deaths of a family member or close friend, 26 negative changes in health, 3 alcohol or drug problems, and 3 marital dissolutions. The number of life events experienced in the previous 12 months was significantly correlated with depressive symptoms (r ϭ .32, p Ͻ .01) and anxiety (r ϭ .27, p Ͻ .05) but not with the CAR (r ϭ Ϫ.05, p Ͼ .05).
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Multivariate Analyses
Results of the three multiple regressions that tested the effects of life events; CGG repeat length; and their interactions on depressive symptoms, anxiety, and the CAR, controlling for maternal age and education (and average waking time and steroid medication use for the CAR model), are presented in Table 1 . Results of the regression models for depressive symptoms and anxiety both showed significant linear associations of total negative life events with depression (and anxiety). There was a significant association between the number of negative life events that occurred in the previous year and maternal depressive symptoms and anxiety. For both outcomes, the interaction between negative life events and the curvilinear term for CGG repeats was also significant.
These interaction effects are depicted in Figure 1 for depressive symptoms and Figure 2 for anxiety. The figures portray the curvilinear association between number of CGG repeats and depressive symptoms (or anxiety) for each of three groups, depending on number of negative life events: low (defined as 1 SD below the mean), average (defined at the mean), and high (defined as 1 SD above the mean). (Note that in the regression models, number of life events was treated continuously, but in the figures, for illustrative purposes, this variable was trichotomized as described above.) The figures reveal that premutation carrier mothers with midsize repeats who experienced the highest number of negative life events in the previous 12 months had elevated levels of depression and anxiety. Unexpectedly, mothers with midsize repeats who experienced the fewest negative life events had the lowest levels of these mental health symptoms.
A similar pattern of association was found when the CAR was the outcome variable. Experiencing more negative life events in the family during the previous 12 months was associated with lower CAR (at a trend level) and the association of negative life events with the CAR varied as a function of CGG repeat length. As shown in Figure 3 , mothers with midsize CGG repeat lengths had the lowest CAR when they experienced above-average numbers of negative life events in the previous year, but they did not differ from those with low or high repeats when they experienced few negative life events. Notably, mothers with low repeat lengths had the expected elevation of the CAR when they experienced aboveaverage numbers of negative life events in the previous 12 months.
Because visual examination of the plots of the interaction effects showed that mothers with midsize repeats were simultaneously at greatest risk of manifesting elevated depressive and anxiety symptoms and a blunted CAR if they experienced a greater number of negative life events and the least likely to manifest negative outcomes if they experienced fewer negative life events, we performed the recommended tests to determine whether our Gene ϫ Environment interaction was indicative of differential susceptibility. The differential susceptibility hypothesis predicts that people with certain genotypes are more likely to manifest either poorer or better outcomes, depending on their environmental exposure (Belsky, Bakermans-Kranenburg, & van IJzendoorn, 2007; Belsky & Pluess, 2009) . Belsky et al. (2007) outlined five tests to establish true differential susceptibility. First, a genuine interaction between the susceptibility factor and the predictor must be present. We created a dichotomous CGG repeat-length variable, contrasting a midsize group (CGG repeat length of 90 to 105) with a combined low-and high-group (CGG repeat Ͻ than 90 or Ͼ105 repeats). The lower and upper boundaries were chosen based on visual inspection of Figures 1, 2 , and 3. In each of three regression models, the CGG repeat-length group by negative life events interaction terms were significant (depressive symptoms, ␤ ϭ .38; anxiety ␤ ϭ .30; CAR ␤ ϭ Ϫ.29; ps Ͻ .05). Regressions run separately by CGG repeatlength group for each outcome showed that the associations of life events with depressive symptoms and anxiety were significant only for the midrange CGG repeat-length group (depressive symptoms midrange CGG repeats, ␤ ϭ .58, p Ͻ .05; depressive symptoms low-high CGG repeats, ␤ ϭ .06, p Ͼ .05; anxiety midrange CGG repeats, ␤ ϭ .54, p Ͻ .05; anxiety low-high CGG repeats, ␤ ϭ .08, p Ͼ .05). In the regression predicting CAR the effect of negative life events was not significant for either group (midrange repeats, ␤ ϭ Ϫ.23; low-high CGG repeats, ␤ ϭ .11, ps Ͼ .05), but the association was stronger for the midrange group. It should be noted that for the midrange CGG repeat-length group regression, the sample size was only 23 resulting in constrained statistical power.
The second requirement for establishing differential susceptibility is to test for the independence of the susceptibility factor (midrange CGG repeat length) and the predictor (negative life events). The point biserial correlation between the dichotomous CGG repeat-length group variable and negative life events was not significant (r ϭ .06, p Ͼ .05). Likewise, the partial correlation between the squared continuous CGG repeat-length variable used in the original regression models, controlling for the linear CGG repeat-length variable, and negative life events was not significant (r ϭ Ϫ.09, p Ͼ .05).
The third requirement is to test the associations between the susceptibility factor and each outcome to determine if they are nonzero. If they are, there is no support for differential suscepti- Figure 1 . Curvilinear association between number of CGG repeats and depressive symptoms for premutation carrier mothers who experienced low (1 SD below the mean), average (at the mean), and high (1 SD above the mean) numbers of negative life events in the previous year. Figure 2 . Curvilinear association between number of CGG repeats and anxiety for premutation carrier mothers who experienced low (1 SD below the mean), average (at the mean), and high (1 SD above the mean) numbers of negative life events in the previous year.
bility. To assess this requirement, point biserial correlations between each outcome and the dichotomous CGG repeat-length variable were calculated. None was significant (depressive symptoms, r ϭ .19; anxiety r ϭ .14; CAR r ϭ Ϫ.05; ps Ͼ.05). Additionally, partial correlations between the squared continuous CGG repeat-length variable, controlling for the linear CGG repeatlength variable, and each outcome were calculated. Again, none was significant (depressive symptoms r ϭ .05; anxiety r ϭ .02; CAR r ϭ .15, ps Ͼ .05).
The fourth step in determining whether differential susceptibility is present is to compare figures plotting the susceptibly factor by predictor interactions to prototypical figures depicted in Belsky et al. (2007) . Our figures differ somewhat from the prototypal figures in that we plot the susceptibility factor on the X axis. We did this because we chose a continuous analysis approach to address the primary goal of this study, which was to test whether mothers with midrange CGG repeat lengths were more vulnerable to life stress. All three of our figures clearly show a pattern of differential susceptibility: mothers with midsize repeats were simultaneously at greatest risk of experiencing negative outcomes at high levels of negative life events and the lowest risk at low levels of negative life events.
The fifth and final step in establishing differential susceptibility is to test the specificity of the model by replacing susceptibility factors and outcomes. As already noted, we found the same pattern of results for three outcomes: depressive symptoms, anxiety, and CAR. To further examine this fifth step, we tested the model with a new dependent variable, positive affect. The pattern of results was similar, but in the opposite direction; mothers with midrange repeats showed the lowest level of positive affect in the sample when they experienced the greatest number of negative life events, and they showed the highest level of positive affect when they experienced the fewest negative life events (␤ for the curvilinear interaction term ϭ Ϫ.42, p Ͻ .05). Additionally, we examined the response to "positive" life events (e.g., marriage, pregnancy, moving to a new home, obtaining a new job, etc.). The model predicting depression was significant (␤ for the curvilinear interaction term ϭ .49, p Ͻ .05). However, the direction of the relationship was unexpectedly similar to negative life events, with the premutation mothers with midsize repeats manifesting the highest level of depression when they experienced a greater number of positive life events during the previous year, suggesting that positive events may be difficult for midsize premutation carrier mothers, similar to negative events. Thus, we meet the fifth requirement for differential susceptibility.
Discussion
This study adds to the growing research literature on the association between CGG repeat length and mental and physical health in premutation carriers, and it extends our understanding of how the degree of expansion of the FMR1 gene is correlated in a curvilinear manner with various outcomes. We found that among those who have midsize expansions, the association between life stressors and psychological and physiological outcomes is stronger compared with those with either smaller or larger expansions. Molecular biological mechanisms for this curvilinear association are not fully understood, but premutation carriers are known to have elevated levels of mRNA, which may be toxic (Berry-Kravis & Hall, 2011; Hoem et al., 2011) and which have been implicated in increased risk in those with midsize CGG repeats for early menopause (Ennis et al., 2006) . Although beyond the realm of our study, elevated mRNA containing CGG repeat expansions might also be an underlying mechanism for the curvilinear effects on depression, anxiety, and cortisol that we observed.
The blunted CAR in the midsize repeat group who experienced an above-average number of negative life events in the past year is consistent with prior investigations of abnormal daily cortisol patterns in parents of children with disabilities, where chronic stress has been shown to be associated with a blunted diurnal Figure 3 . Curvilinear association between number of CGG repeats and CAR (nmol/L) for premutation carrier mothers who experienced low (1 SD below the mean), average (at the mean), and high (1 SD above the mean) numbers of negative life events in the previous year.
rhythm, especially in the most vulnerable subgroups Seltzer et al., 2009 Seltzer et al., , 2010 . However, this is the first investigation of parents of children with disabilities that demonstrates an association between life events (rather than child-related stressors) with respect to HPA axis functioning. It allows us to conclude more generally that a blunted cortisol response is characteristic of parents who have a child with a disability-across diagnostic groups and across the source of stress (child related vs. general life events).
The study used a multimethod approach to bring together indicators of life stress and psychosocial functioning with biological indicators (CGG repeat length and cortisol). Therefore, it took a unique approach to examine how life stress is associated with the psychobiology of premutation carriers. The confluence of negative mental health and disturbed neuroendocrine responses bolsters confidence in the veracity of the linkage between the genetic markers and life events for some but not all premutation carrier mothers.
Unexpectedly, premutation carrier mothers with midsize repeats who were not exposed to negative life events in the previous year had particularly low levels of anxiety and depression. Indeed, their levels of these symptoms were the lowest in the sample, and their CAR was neither blunted nor higher than normal. In other words, mothers with midsize repeats appear to be more sensitive to their environmental context than those with either short or long repeats. When they experienced many negative life events during the previous 12 months, they had elevated mental health symptoms and a blunted cortisol response to awakening. However, when the prior year was relatively free of negative life events, mothers with midsize repeats had the opposite pattern and appeared more spared than other mothers. Follow-up analyses revealed similar processes when the dependent variable was positive affect-mothers with midsize repeats who had experienced fewer negative life events the previous year had the highest positive affect, but when such mothers experienced more negative life events, they had the lowest level of positive affect.
As noted, these findings are consistent with the differential susceptibility hypothesis (Belsky et al., 2007; Belsky & Pluess, 2009) , which predicts that people with certain genotypes are more likely to manifest either poorer or better outcomes, depending on the nature of their environmental exposures. As Belsky and Pluess (2009) noted in their review, "the very same individuals who may be most adversely affected by many kinds of stressors may simultaneously reap the most benefit from environmental support and enrichment (including the absence of adversity)" (p. 886), which is exactly the pattern of results we found in our study. In a more general sense, these findings point out how variations in the environment can inform genetic investigations and underscore the importance of examining the environment when seeking to elucidate genetic effects.
Follow-up analyses also revealed that mothers with midsize repeats showed similar sensitivity to both above-average numbers of negative and above-average numbers of positive events during the previous year: Exposures to both categories of events were associated with higher levels of depressive symptoms. Although we had expected otherwise, this pattern of similar response to both types of life events is consistent with life event theory, which has long posited that all types of major life events are stressful, whether positive or negative (cf. Miller, 2010) . Our data suggest that, at least with respect to depressive symptoms, major life changes are a significant challenge for premutation carriers with midsize repeats, whereas stability in the major roles of life may actually be enhancing (i.e., associated with particularly low levels of depressive symptoms). In general, life-course transitions require individuals to adapt in new ways (cf. Miller, 2010) , and women with the premutation of FMR1 may have more difficulty. Some studies have identified executive functioning deficits and other cognitive limitations in premutation carriers (Cornish et al., 2011; Goodrich-Hunsaker et al., 2011) , which could begin to explain why life changes would be particularly difficult for them.
On the basis of the results portrayed in Figures 1-3 and the follow-up analyses predicting positive affect and examining the influence of positive life events, the repeat lengths that appear to be most sensitive to life events are between 90 and 105. It is possible that the clinically susceptible range may vary according to the dependent variable being studied. For example, Allen et al. (2007) speculated in a post hoc discussion that the vulnerable (or susceptible) group with respect to reproductive outcomes could include carrier women with as few as 70 repeats and as many as 120 repeats. More research is needed to identify a clinically susceptible range and how it might vary with respect to different aspects of the premutation phenotype.
These findings have research and clinical implications. For example, although most studies of the premutation phenotype have focused on adult carriers, there also is a need for research on children who have midsize repeat lengths to determine whether those who are exposed to more nurturing and stimulating early environments have better developmental outcomes. Most studies of differential susceptibility have focused on environmental effects during childhood (Belsky & Pluess, 2009) , including family and educational environments. Bailey, Raspa, et al. (2008) reported that children with the FMR1 premutation have elevated rates of neurodevelopmental symptoms and recent molecular evidence (Chen et al., 2010) suggests that there are early neurodevelopmental deficits as well as late neurodegeneration in mouse models of the FMR1 premutation. It is possible that premutation carrier children with midsize repeats are especially sensitive to parenting and educational contexts. If so, then home-and school-based interventions and therapies might be of particular benefit for this highly sensitive group of children.
This study also has implications for counseling premutation carrier mothers. Fully one-quarter of the mothers in our study had clinically elevated levels of depressive symptoms, and more than 15% had clinically elevated levels of anxiety symptoms. It is increasingly common for mothers to know their CGG repeat length. Understanding risks associated with a midsize repeat length may help mothers anticipate that they may vulnerable to adverse mental health consequences when faced with multiple negative life events and thus to more actively seek appropriate familial and counseling support.
This study is not without its limitations. It is important to note that a prospective design would have strengthened our ability to show a causal relationship between the occurrence of negative life events and depression, anxiety, and an atypical cortisol response to awakening. It could be that differences in the dependent variables were antecedent to the prior year of negative life events. Additionally, the study cannot separate out the effects of parenting a child who has the full mutation of FXS from the effects of carrier 8 status. Also, this study was constrained by a small sample size with implicit limits on statistical power to discern less overt relationships.
Another limitation was that examining the association between health symptoms in carrier mothers and the outcome variables was beyond the scope of the analyses reported here. Our study did not include measures of FXTAS or FXPOI at our first round of data collection, and we are rectifying this limitation currently. Furthermore, some mothers in our study may be too young to be at risk for health problems associated with the premutation. Mothers ranged in age from 37 to 79 years, with an average of 51. Symptoms of FXTAS often are not evident for some carriers until they are in their 70s or 80s (Hagerman & Hagerman, 2004) . It may be that some mothers in our study will go on to develop FXTAS as they age.
However, we did collect data on symptoms that have been reported in past research to be associated with the premutation of the FMR1 gene (i.e., headache, backache, muscle soreness, fatigue, joint pain, muscle weakness, dizziness, nausea, diarrhea, constipation, menstrual-related symptoms, and hot flashes). As reported in Smith et al. (under review) , mothers of children with FXS reported such symptoms on an average of 6 days during an 8-day period, significantly higher than the number of days when age-matched control mothers who did not have a child with a disability had such symptoms (an average of 4 days). Yet premutation carrier mothers did not differ in the number of days when these health symptoms were reported by mothers of individuals with autism spectrum disorders. Thus, the Smith et al. study could not separate out the health effects of the premutation from the patterns evidenced by other caregiving women in this age range.
Although our study's dependent variables were mental health and biological measures, the study nevertheless has implications for the health of premutation carrier women. Considerable past research has confirmed the association between depression, anxiety, and poor health in the general population (e.g., Holahan et al., 2010; Mykletun et al., 2007) , and other studies have shown that hypocortisolism is also associated with health problems (Fries et al., 2005; Heim, Ehlert, & Hellhammer, 2000) . Thus, this study is a first step toward establishing these risk factors for poor health in premutation carrier women.
Finally, the extent to which the carrier mothers in the present sample are representative with respect to repeat length is not known. The epidemiology of the premutation is not yet well established. Furthermore, many carriers are not aware that they have this genotype. The carriers in this sample were identified because they had a child with full-mutation FXS, but many carriers in the population (especially those with small repeat lengths) may not have children with the full mutation, and thus no one in the family is known to carry the premutation. Therefore, it is likely that this sample overrepresents mothers with large CGG expansions. Future epidemiological studies are needed to characterize the distribution of CGG repeat lengths among the carrier population.
In conclusion, this study offers a new perspective on the phenotypic expressions of premutation carrier women who vary in their CGG repeat length. Those with midsize repeats appeared to be the most sensitive to both exposure to and the absence of negative life events in the previous 12 months, with divergent psychological and physiological profiles. The study adds to the growing literature on the curvilinear effects of CGG repeat size and contributes to the explanation of the heightened levels of depression and anxiety in this population.
